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Abstract 
Permanent deformation (rutting) is the most critical load-associated distress that develops in unbound 
aggregate layers significantly affecting their performance. Despite past research work has focused on 
estimating rutting of unbound aggregates using a variety of prediction models, few of them can be 
applied with adequate confidence to actual field conditions, i.e., dynamic stress states due to moving 
wheel loads and varying aggregate source properties. This paper aimed to evaluate these rutting 
models by comparing computed permanent deformation to that measured in advanced laboratory 
repeated load triaxial (RLT) tests. The data source analyzed was from a series of laboratory RLT tests 
conducted to characterize two crushed aggregate materials for their permanent deformation trends 
when subjected to moving, complex gear loading of next generation aircraft. Both constant and 
variable confining pressure tests were performed using an advanced RLT testing device to clearly 
account for the effects of dynamic stress states, including stress ratio, stress magnitude, and stress path 
loading slope (representing rotating principal stress directions) on permanent deformation 
accumulation. The applicability of several commonly used unbound aggregate rutting models to 
dynamic stress states was evaluated using this comprehensive laboratory database. The comparison of 
model predictions against laboratory RLT test results indicated the need for further enhancement of 
these models. Finally, rational modifications were suggested to improve their predictive ability, which 
would provide an improved analysis and design of flexible pavements for the rutting distress. 
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1 Introduction 
Rutting or accumulation of permanent deformation is the primary distress mechanism of unbound 
aggregate base/subbase layers in pavements. Accordingly, rutting resistance is a major performance 
measure for designing these pavement foundation layers. Field experiences, such as those from the 
AASHO road test, Minnesota Road Research test facility (Mn/ROAD), and the National Airport 
Pavement Test Facility (NAPTF) among many others, have clearly shown that granular base/subbase 
permanent deformation may contribute significantly to the overall flexible pavement surface ruts 
(Christopher et al., 2006; Dai et al., 2007; Kim and Tutumluer, 2006). To ensure satisfactory pavement 
performance and longevity, unbound aggregate layers should be properly designed to possess adequate 
rutting resistance, especially for unsurfaced or thinly surfaced pavements where nonlinear and 
inelastic behavior induced by dynamic wheel load stresses become quite crucial. Despite being a 
highly researched topic in the past few decades, realistic characterization and accurate prediction of 
rutting accumulation still remain challenging with great complexity arising from both traffic and 
environmental loading aspects. Better understanding of long-term rutting mechanism as well as more 
accurate and reliable rutting models become urgent needs in the design of new pavements, especially 
those built with locally available marginal quality and/or recycled materials possessing greater 
performance uncertainty than traditional “standard” materials with proven field performance (Xiao et 
al., 2012). 
Both experimental and field results indicated that permanent deformation response depends 
strongly on stress level and material state conditions (e.g., water content and density). Aggregate type, 
quality, and physical properties are long realized as individual factors to greatly influence the unbound 
pavement layer rutting performance, yet the underlying mechanisms of their interactions with in-situ 
stress states controlling field rutting development have not been fully explored. Mishra and Tutumluer 
(2012) studied a factorial combination of aggregate type, particle shape and surface texture, type and 
amount of fines, and moisture and density in relation to required compaction conditions for their 
effects on mechanistic pavement response and rutting performance through both laboratory repeated 
load triaxial (RLT) and field accelerated pavement testing (APT). They found that improved behavior 
in terms of both permanent deformation and resilient modulus could be achieved by maintaining a 
stable aggregate matrix (e.g., optimal fines contents); meanwhile, the stability of the aggregate matrix 
also depends on the interactions among individual aggregate physical properties such as moisture and 
plastic (cohesive) fines content, defined in this paper as the amount of material passing sieve No. 200 
or 0.075 mm. Gabr and Cameron (2013) studied permanent strain behavior of recycled concrete 
aggregate for unbound pavement construction and related the accumulated permanent strain to 
moisture content and maximum dry density corresponded to the optimum, weighted plasticity index, 
and maximum shear stress ratio.  
Empirical tests such as California Bearing ratio (CBR) cannot truly assess rutting performance; 
instead, rutting resistance should be assessed from tests that realistically mimic actual traffic (moving 
wheel) loading encountered in the field. Although repeated load triaxial (RLT) test procedures, such as 
the AASHTO T307-99, have been established for determining resilient modulus of granular materials, 
there is currently no standard test procedure in the U.S. for evaluating permanent deformation or field 
rutting potential of unbound aggregate materials. The need to include permanent deformation aspects 
along with the resilient properties, when characterizing unbound granular materials, has recently been 
confirmed. High moduli materials could still undergo severe plastic strain or permanent deformation, 
indicating that relying on resilient properties alone may not prevent excessive deformation or failure. 
Further, stress path RLT testing procedures are in fact needed to properly account for moving wheel 
loading and its effects on permanent deformation in pavement granular layers. Tutumluer et al. (2001, 
2005, 2007) considered in laboratory testing the dynamic nature of moving wheel loads. They found 
that greater rutting damage could occur especially in the loose base/subbase under the extension-
compression-extension type rotating stress states induced by a moving wheel pass. This kind of 
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laboratory testing result is consistent with previous field findings by Hornych et al. (2000) that 
permanent deformations observed under moving wheel load conditions can be up to three times higher 
than those obtained from plate loading tests. Gräbe and Clayton (2003, 2009, 2014) also concluded 
that principal stress rotation (PSR) caused by moving wheel loads has a significant and deleterious 
impact on both resilient moduli and permanent deformation of some types of road and track 
foundation materials, i.e., reduced resilient moduli and increased rate of permanent strain. Research 
using a hollow cylinder triaxial apparatus (Chan, 1990) has shown that permanent strains increase 
significantly when a rotation of the principal stresses is applied (for the same principal stress 
amplitude).  
Evident from the reasons outline above, further modeling of the plastic strain response of unbound 
granular materials (UGMs) with respect to complex physical conditions and dynamic stress states is 
indispensable for improvements with the mechanistic based design of conventional flexible 
pavements. Based on results from laboratory, either single-stage or multistage, repeated load tests 
and/or field APT testing, a wide range of models have been proposed to predict unbound aggregate 
permanent deformation accumulation due to repeated loading. A comprehensive survey of those 
rutting models was given by Bodin (2013). The majority of those rutting models is empirical in nature 
as they relate rut depth (or permanent strain) with the number of load applications, common material 
physical properties, and applied stress states. Their applicability is often limited to materials and test 
conditions similar to those for the model development because no fundamental material property or 
true rutting mechanism is included in the model. Therefore, there is still much need of a unified rutting 
prediction model in a sense that it can be regarded as truly universal and adapted with confidence for a 
much wider range of materials and conditions, as well as the need to establish the relationships 
between rutting accumulation and various strength theories. 
2 Objective and Scope 
The primary objective of this paper is to evaluate the applicability of several commonly used 
unbound aggregate rutting models to field stress states induced by moving wheel loads and examine if 
they can be applied with greater confidence to a wider range of conditions, i.e., the original Tseng and 
Lytton (1989) model, the Mechanistic-Empirical Pavement Design Guide (MEPDG) rutting model 
(ARA, 2004), the Gidel et al. (2001) model, the Korkiala-Tanttu (2008) model, and the Xiao et al. 
(2015) model. To achieve this purpose, such model predicted permanent deformation results were 
compared against those measured in advanced laboratory repeated load triaxial (RLT) tests, 
respectively. The scope of the paper deals with utilizing a comprehensive aggregate mechanistic 
property database recently compiled at the University of Illinois and including resilient modulus, shear 
strength, and permanent deformation test data for two crushed aggregate materials used in airport 
pavement foundation layers, namely the P209 granular base and P154 subbase materials. 
The scope of the paper covers first the unbound aggregate mechanistic property database used in 
this study and discusses the deficiency of current MEPDG rutting prediction model for unbound 
granular materials. The applicability of selected permanent deformation prediction models for 
unbound aggregates to dynamic stress states is assessed next. Finally, the need to develop a stable 
permanent strain accumulation rate model is emphasized and its potential use is discussed for long-
term rutting evaluation. 
3 Unbound Aggregate Mechanistic Property Database 
The data source of unbound aggregate permanent deformation results of laboratory RLT tests was 
from the FAA’s National Airport Pavement Test Facility (NAPTF) research study (Kim and 
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Tutumluer, 2006). Two crushed aggregate materials, specified herein as the P209 granular base and 
P154 subbase materials, were tested for permanent deformation trends in the laboratory to study 
effects of moving wheel loads and the degree of compaction. The P209 material was a crushed 
limestone and the P154 material consisted of manufactured screenings specified by FAA’s Advisory 
Circular 150/5370-10B. The P209 aggregate material was classified as A-1-a according to AASHTO 
procedure and as GP-GM (poorly graded gravel with silt) according to ASTM procedure; whereas the 
P154 aggregate material was classified as A-1-b according to AASHTO procedure and as SW-SM 
(well graded sand with silt) according to ASTM procedure. The P209 has much less amount of fines 
fraction than the P154. Material properties, stress path RLT permanent deformation test programs, and 
corresponding laboratory test results for this study were detailed elsewhere (Kim, 2005). 
A pavement element constantly experiences a combination of varying magnitudes of static and 
dynamic stresses depending on the depth in the pavement layer and the radial offset from the wheel 
load. The principal stress rotation and the constantly rotating fields of stresses under moving wheel 
loads have been observed from field measurements. In the case of aggregate bases, the cyclic 
component of load imposes a change (increment) of stress state which is not co-axial with the stress 
state under the static (overburden) load. To mimic such stress states, both constant confining pressure 
(CCP) and variable confining pressure (VCP) tests were performed using an advanced repeated load 
triaxial testing device named UI-FastCell to clearly account for the effects of variable stress states, 
including stress ratio, stress magnitude, and stress path loading slope (representing rotating principal 
stress directions) on permanent deformation accumulation for the FAA P209 and P154 aggregate 
materials. As illustrated in Figure 1(a), in the CCP tests, vertical wheel load stresses were repeatedly 
applied on laboratory specimens and the effects of applied stress magnitudes and stress ratios (vertical 
to horizontal stress) on the permanent deformation accumulation were studied to adequately simulate 
the conditions realized directly under the wheel where the highest applied stress ratios are experienced 
in the field. In contrary to the CCP tests, the variable confining pressure (VCP) tests were performed 
by subjecting the specimens to various constant stress path loadings realized under actual traffic. 
Specifically, two dynamic stresses of prescribed magnitudes were pulsed simultaneously in both 
horizontal and vertical directions, in addition to the applied constant hydrostatic confining stress. 
Different combinations of the stress path slope (m) and its length (L) were therefore applied to 
simulate the various dynamic loading conditions experienced under the moving wheels. Shear strength 
properties of the two materials were also determined from rapid shear strength tests. The P209 
aggregate had a friction angle of 61.7o with a cohesion intercept of 132 kPa and the P154 material had 
a friction angle of 44o with a cohesion intercept of 182 kPa. Figure 1(b) illustrates the actual stress 
path loading scheme applied for both P209 and P154 aggregate materials in the laboratory. The total 
number of load applications is 10,000 for P209 aggregate material and 40,000 for P154 aggregate 
material, respectively. 
4 Evaluating Unbound Aggregate Rutting Models for Dynamic 
Stress States 
Under the application of moving wheel loads, unbound pavement layers are constantly subjected to 
dynamic stress states. That is, not only changes the magnitude of the load, but also the direction of the 
principal axes of the stresses rotates during the approaching and the departure of moving wheels. In 
this section, the original Tseng and Lytton model (1989) and the nationally calibrated MEPDG rutting 
model (ARA, 2004), together with the models by Gidel et al. (2001) and Korkiala-Tanttu (2008), were 
verified against laboratory RLT test results obtained using both CCP and VCP tests performed. The 
first two models correlate rutting in the unbound layers inversely with resilient modulus, resulting in 
the general misunderstanding that a high modulus is regarded to lead to high rutting resistance. The 
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universal constants of the MEPDG rutting model, as well as its general applicability to a wide range of 
materials under complex stress states, need to be validated further for it to become a truly universal 
model; otherwise, it cannot be expanded to unbound granular materials with confidence.  
4.1 MEPDG Rutting Model 
The original Tseng and Lytton model (1989) is formulated as Equation 1 where the regression 
coefficients ε0, β, and ρ, regarded as material constants, were obtained from laboratory RLT tests by 
fitting permanent strains against the number of load applications N. Empirical relationships were also 
developed to estimate those material constants from water content, bulk stress and resilient modulus. 
The Tseng and Lytton model was subsequently modified and calibrated by El-Basyouny et al. (2005) 
for implementation into the current MEPDG (ARA, 2004). As shown in Equation 2, it normalizes the 
predicted permanent strain to the resilient strain and thus requires knowledge of resilient modulus. 
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where ωc is gravimetrical moisture content (%); σd and σθ are deviator stress (psi) and bulk stress 
(psi), respectively; ε0, β, and ρ are material constants; εr and Er are resilient strain and resilient 
modulus (psi), respectively; and a1=0.15, b1=0, a9=20, and b9=0 are the fitting parameters finally 
selected by the Arizona State University (ASU) researchers after a considerable study to provide the 
best prediction for a wide range of unbound material types. However, Hashem and Zapata (2013) 
recently found that the use of a9=50 yielded better prediction results as compared to a9=20 adopted in 
the current MEPDG model. They also developed new prediction equation for β by replacing resilient 
modulus with the shear stress to strength ratio. 
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Permanent deformation data from laboratory RLT tests, as described previously, were first 
analyzed to obtain the accumulated permanent strain due to different loading along multiple stress 
paths, respectively. Both permanent strain models were used to calculate the accumulated permanent 
strain after the corresponding number of load applications, respectively. The model parameters ε0, β, 
and ρ, whose values were not shown herein due to space limitation, were solved for based on the least 
square error between the measured and calculated permanent strains. High R2 values close to 1 were 
obtained, thus indicating that the Tseng and Lytton model form can fit very well the permanent 
deformation curves obtained at each dynamic stress state. The regressed parameters ε0/εr, β, and ρ 
were then compared with those estimated from the original Tseng and Lytton’s empirical relationships 
(see Equation 1) and with the universal constants of the MEPDG model (see Equation 2), respectively. 
Note that the original regression coefficients in Tseng and Lytton’s empirical relationships (Equation 
1) provided poor estimates for model parameters ε0/εr, β, and ρ in terms of very low R2 values; 
therefore, they were re-calculated by regressing fitted parameters ε0/εr, β, and ρ against the same 
independent variables in the original relationships (Equation 1), i.e., moisture content, bulk stress and 
resilient modulus, respectively. The relationships between the measured and predicted values of ε0/εr, 
β, and ρ are plotted in Figures 2 and 3 for FAA P154 and P209 materials, respectively. 
 
 
(a) 
 
(b) 
Figure 1: (a) Schematic representation of stress path loading; (b) stress path loading scheme of laboratory 
repeated load triaxial permanent deformation tests for FAA NAPTF aggregate materials 
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(a) (b) 
 
 
(c) (d) 
Figure 2: Relationship between laboratory measured and predicted values of (a) log(ε0/εr), (b) logβ and (c) 
logρ by the Tseng & Lytton model form and (d) by the MEPDG model for P154 material 
It can be seen from both Figure 2 and Figure 3 that low R2 values were overall observed for all 
three stress path slopes by using the Tseng and Lytton’s empirical relationships, even though the 
regression coefficients were re-calculated. This indicates that the model parameters of Tseng and 
Lytton’s permanent strain model vary significantly with applied stress states along different stress 
paths. As contrary to current practice, relying on resilient modulus and bulk stress alone may not be 
sufficient enough to provide accurate prediction of rutting accumulation, especially for in-situ moving 
wheel load conditions. Note that the current MEPDG permanent strain model, simplified from the 
original Tseng and Lytton’s model, eliminates the dependence of model parameters on stresses and 
resilient moduli; instead, they are only dependent on moisture content. This explains why the same 
model parameters were obtained regardless of applied stress states. As shown in Figure 2 and Figure 
3, such simplification apparently results in poor permanent deformation prediction that contradicts 
laboratory RLT test results. 
4.2 Rutting Models by Gidel et al. (2001), Korkiala-Tanttu (2008), and 
Xiao et al. (2015) 
The major motivation of developing a reliable rutting model is to predict permanent deformation 
accumulation with a high degree of confidence no matter what the applied stress states are in the 
unbound aggregate layer and whether or not these stresses are due to stationary or moving wheel 
loads. The aforementioned FAA database consists of permanent deformation results that were 
obtained at different dynamic stress states. In this sub-section, two commonly used rutting models 
incorporating stress terms were assessed first for their general applicability to dynamic stress states. 
The first model assessed was the one suggested by Gidel et al. (2001), as shown in Equation 3. It was 
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developed using repeated multi-stage triaxial test apparatus and uses the maximum deviator (qmax) and 
mean (pmax) stresses to compute the permanent strain. This model explicitly combines the effects of 
stresses and number of cycles on the axial permanent strain. The second model evaluated has a similar 
formulation as the first one and is proposed by Korkiala-Tanttu (2008). According to this model, the 
development of permanent deformation is directly related to the distance from the stress point to the 
Mohr-Coulomb failure line expressed in q-p space and it also relates the effect of stress on the 
permanent deformation through a hyperbolic function (see Equation 4). This model accounts for the 
effect of the number of cycles through the log-log approach suggested by Sweere (1990). This model 
is given by Equation 4. In addition to these two models, another one recently proposed by Xiao et al. 
(2015) as a unified rutting model (see Equation 5) was also evaluated that incorporated critical stress 
variables and essential material properties governing rutting behavior. It was clearly demonstrated that 
permanent deformation accumulation of unbound aggregate layers is dictated by the shear stress ratio 
and the working stress states to which pavement layers are subjected. The inclusion of the bulk stress 
term responsible for the volume change behavior is meant to represent the confinement level. As given 
by Equation 5, this eight-parameter Power-law model by Xiao et al. (2015) was denoted as “Proposed 
Model” in this study. Despite its applicability to varying aggregate source properties was verified 
against laboratory RLT test results of aggregate materials studied in Illinois Center for Transportation 
(ICT) research studies (Tutumluer et al., 2009; Mishra, 2012), the exploration of its applicability to 
complex dynamic stress states has not been pursued yet. 
 
  
(a) (b) 
 
 
(c) (d) 
Figure 3: Relationship between laboratory measured and predicted values of (a) log(ε0/εr), (b) logβ and (c) 
logρ by the Tseng & Lytton model form and (d) by the MEPDG model for P209 material 
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where 0N   is the reference number of load applications (in this study=100), 
2 2
max max maxL p q   , 
and n, B, m, s, and 0H  are material constants; C and b are material parameters, A is a parameter 
independent of the material (A=1.05) and R is the deviatoric stress ratio given by max max
maxf
q qR
q s m p
   
, 
 6sin 3 sinm I I   and  6 cos 3 sins c I I   , I  is the angle of internal friction, c  is the cohesion of the 
material, and maxq  and maxp  are the maximum deviatoric and hydrostatic stresses of the load 
application, respectively; pH is permanent axial strain (%), T is bulk stress, 
max
fW
W is shear stress to 
shear strength ratio, 0p is normalizing unit pressure (1 psi), N is the number of load applications, S is 
achieved saturation level in decimal, optS =optimum saturation level in decimal, wPI =weighted 
plasticity index, and a, b, c, d, e, f, g, and h=regression coefficients. 
The analysis was limited to permanent axial strain, as this is the most important for the estimation 
of rutting. Kim (2005) also developed CCP and VCP permanent deformation models using the same 
FAA database. According to Kim (2005), the R2 values of the developed VCP models for m = -1 
(triaxial extension) were in general the lowest possibly due to the high noise and fluctuations in the 
recorded triaxial data; therefore, permanent deformation test results for m = -1 was not analyzed in this 
study. As an example, permanent deformation results of FAA P209 material at different CCP and VCP 
stress states were used for comparison. Note that the s and m values required for calculating R value in 
Equation 3 are s=19.46 psi and m=2.49 for P209 material, and s=54.36 psi and m=1.80 for P154 
material according to the shear strength test results, respectively. Figure 4 plots the measured 
permanent strain values against those predicted by each of the three models. For all the permanent 
deformation curves combined, the R2 and Standard Error of Estimates (SEE) values for the model by 
Gidel et al. (2001) are 0.57 and 0.13, and 0.67 and 0.11 for the one by Korkiala-Tanttu (2008), 
respectively. Improved accuracy was obtained by the Proposed Model, as indicated by R2=0.90 and 
SEE=0.06. It can also be observed from Figure 4 that the Proposed Model yielded predictions with all 
the permanent deformation curves combined that match the measured values more closely. However, 
it should be noted that the use of the classic power-law model form in the Proposed Model still limit 
its ability to fit well only the primary stage of the permanent deformation. To better fit the secondary 
stage of permanent deformation, the use of a more advanced two-stage model may become necessary, 
which is the goal of another separate paper forthcoming. 
5 Summary and Conclusions 
A comprehensive laboratory repeated load triaxial permanent deformation database for unbound 
aggregates typically used in airfield pavement base/subbase layers was used to investigate the 
influence of in-situ dynamic stress states induced by moving, complex gear loading of next generation 
aircraft on the permanent deformation characteristics. The main objective of this study was to evaluate 
the feasibility of applying commonly used unbound aggregate rutting models to predict the permanent 
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deformation results of laboratory RLT tests that mimicked the in-situ dynamic stress states. The 
rutting models evaluated included the original Tseng and Lytton (1989) model, the Mechanistic-
Empirical Pavement Design Guide (MEPDG) rutting model (ARA, 2004), the Gidel et al. (2001) 
model, the Korkiala-Tanttu (2008) model, and the Xiao et al. (2015) model. Based on the comparison 
results of the original Tseng and Lytton model and the current MEPDG rutting model against 
laboratory RLT test results, the need for further enhancement of both models becomes obvious. To 
improve the predictive ability of both models, rational modifications were suggested that include the 
dependency of permanent deformation on the stress states and shear stress ratio. This would allow an 
improved analysis and design of flexible pavements against rutting distress. Among the three models 
that relate permanent strain to stress terms, the model by Xiao et al. (2015) appears to match 
laboratory test results more closely than the models by Gidel et al. (2001) and Korkiala-Tanttu (2008); 
however, all of them did not exhibit satisfactory accuracy in predicting permanent strains in the 
secondary stage. To this end, a more advanced two-stage model that incorporates essential rutting 
mechanisms and key variables representing dynamic stress states would need to be developed. Once 
well validated and calibrated, the application of this model in pavement design would allow the 
consequences of using either traditional aggregate materials or those not completely following 
material specifications to be quickly evaluated in terms of rutting distress, without performing time-
consuming, costly, and complicated RLT test procedures on a routine basis, especially for low-volume 
roads.  
 
 
(a) (b) 
 
 
(c) (d) 
Figure 4: Measured cumulative permanent axial strain vs. predicted cumulative permanent axial strain by 
different models for P209 material at a loading slope of (a) m=3 and (b) m=1.5 
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